Tonoplast-enriched membranes were prepared from maize (Zea mays L. cv LG 11) primary roots, using sucrose nonlinear gradients. The functional molecular size of the tonoplast ATPand PPi-dependent proton pumps were analyzed by radiation inactivation. Glucose-6-phosphate dehydrogenase (G6PDH) was added as an intemal standard. Frozen samples (-1960C) of the membranes were irradiated with 6"Co for different periods of time.
Two H+-translocating activities are present on the tonoplast of higher plant cells (4, 22) : an anion-sensitive ATPase and a cation-sensitive PPase' (9, 20) . These two pumps are electrogenic and generate a membrane electrical potential (A'I), together with a pH gradient (ApH). This transmembrane H+-electrochemical potential difference serves as the driving force for several transport processes (uniport, antiport, and symport) across the tonoplast.
The functional molecular size of the tonoplast ATPase was found to be nearly 400 kD by radiation inactivation (14) and 300 to 600 kD by gel filtration (19) . In higher plants, this pump is probably formed by one or several copies of three subunits (average molecular size of 16, 60, and 70 kD, respectively), assembled into one multimeric complex (14, 15, 22) .
When the tonoplast ATPase and PPase were solubilized and separated chromatographically by gel filtration, the ATPase was found to be larger than the PPase (21, 23).
The H+-PPase from wheat seedlings has been purified by 'Abbreviations: PPase, pyrophosphatase; BTP, bis-tris propane; G6PDH, glucose-6-phosphate dehydrogenase; 1 KS, 1,OOOg supernatant. affinity chromatography (16) . This enzyme is composed of only one species of polypeptide, with a mol wt of 64,000 estimated by SDS-PAGE.
The aim of the present study was to determine the functional molecular size ofthe PPase from maize roots, using the method of radiation inactivation, and to compare it with the size of the tonoplast ATPase. In addition, the two pumps were solubilized and separated chromatographically by gel filtration. The different polypeptides from the two peaks of activity were analyzed by SDS-PAGE.
MATERIALS AND METHODS

Plant Material
Maize (Zea mays L. cv LG 11, Association Suisse des Selectionneurs, Lausanne) root homogenates were prepared as previously described (7) and centrifuged 5 (8) , were pooled together and diluted to 10% sucrose with gradient buffer. The microsomal membranes were diluted to a final volume of 25 mL with 10% sucrose (in gradient buffer). D-Glucose-6-phosphate dehydrogenase was added (3 Ag/mL) as an internal standard for the radiation inactivation experiments (17) . Sixteen aliquots (1.5 mL) were prepared in Eppendorfmicrocentrifuge tubes, with a small hole pierced in their caps. The tubes were frozen and stored in liquid nitrogen.
Radiation Inactivation
The different tubes were placed on an aluminium rack immersed in a thermos full of liquid nitrogen. The thermos was placed in the middle of a Sulzer Cobalt 60 source (13, 000 Ci, Swiss Federal Institute of Technology, Lausanne), composed by 8 cobalt bars disposed on a circle. The rack was designed to ensure isodoses for 8 tube positions (2) . The samples were irradiated for 0 to 28 h, using 4 h intervals. A rotation of the tubes was done for three exposure times (4, 8 , and 16 h). The samples were continuously kept in liquid nitrogen until the end of the experiment at which time they were thawed for PPase, ATPase, and G6PDH assays.
Data Analysis
The data were analyzed with a single-target single-hit model of radiation inactivation (12) . Dose was calculated by assuming a relative mol wt of 102,000 for G6PDH (Fluka Chemie AG, Buchs, Switzerland) and using the equation: mol wt = 6.4 x 10"/D37, where D37 is the dose required for inactivating the enzyme to 37% of the initial value (11) . The data were fitted by least squares and plot of the percentage of residual enzymic activity was linear. The D37 values was obtained by linear regression analysis of the data with a Macintosh Plus computer using the program Cricket Graph. For PPase and ATPase activities, the regression lines were passing slightly above 100% (control values: nonirradiated samples kept in liquid nitrogen). Similar results were found for the tonoplast ATPase from maize coleoptiles (S Mandala, L Taiz, personnal communication). The regression lines of Figure 1 were therefore corrected to pass through 100% and the control values were not included to calculate the regression lines.
Enzyme Assays G6PDH was monitored spectrophotometrically at 340 nm as the reduction of NADP+ (3) . The reaction was initiated with the addition of 50 ,uL of sample to 950 ,uL of 86 mM Tris-Mes (pH 7.5), 6.9 mM MgCl2, 1.13 mM D-glucose-6-P and 0.45 mM NADP+.
Pyrophosphate hydrolyzing activity was determined by detection of released Pi by the method of Fiske and Subbarow (10) . Fifty ,uL of sample were incubated at 37°C in 300 AL volume containing 25 mM BTP-Mes (pH 7.5), 500 AM NaN3, 500 gM Na2MoO4, 5 mm NH4Cl, 3 mM MgSO4, 50 mM KNO3, and 1 mM Na4P207 (final concentrations). The reaction was stopped by the addition of 700 ,uL of Fiske and Subbarow (10) reagent containing 0.5% SDS and the absorbance values were measured (660 nm) after 30 min at room temperature.
ATP hydrolyzing activity was determined by detection of released Pi by the method of Ames (1) . Fifty AL of sample were incubated at 37°C in 300 AuL volume containing 25 mM BTP-Mes (pH 7.5), 500 AM NaN3, 500 AM Na2MoO4, 5 mM NH4Cl, 1 mM MgSO4, and 1 mM ATP-Na2 (final concentrations). For each assay, the ATPase activities were tested with 50 mM KCl or KNO3. The tonoplast ATPase activity was calculated as the value in presence of KCl minus that in presence of KNO3. The reaction was stopped by the addition of 700 AL ofAmes reagent containing 1.8% SDS. The samples were incubated 20 min at 45°C, and the absorbance values were measured at 820 nm.
Membrane Solubilization
The method of Rea and Poole (21) was used with minor modifications. Aliquots of the microsomal membranes (1-5 mg protein) were pelleted by centrifugation at 200,000g for 30 min (Kontron Centrikon T-2080, TST 60.4 rotor). The supernatant was discarded and the pellet resuspended in 0.5 mL of solubilization buffer (20% w/v glycerol, 5 mM DTT, 1 mM EDTA, 4 mm MgCl2, pH adjusted to 8.0 with solid Mes) per mg of membrane proteins. The membranes were solubilized by the dropwise addition of 0.5 mL Triton X-l00 (in solubilization buffer) per mg of membrane proteins, with constant stirring. After 20 min of incubation, the mixture was centrifuged 30 min at 200,000g and the supernatant was collected. Preliminary experiments showed that 0. 15 % Triton X-100 (final concentration) was the optimal concentration to solubilize the PPase.
Gel Filtration Chromatography
The method of Rea and Poole (21) was used. A column (110 x 1.5 cm) of Sephacryl S-400 Superfine (Pharmacia) was prepared and equilibrated with running buffer (0.3% w/v Triton X-l00, 10% v/v glycerol, 4 mM MgCl2, 1 mM EDTA, 5 mM DTT, 5 mm Tris, pH adjusted to 8.0 with solid Mes) containing 0.5 mg/mL phospholipid (15) . Three mL (around 0.6 mg) of the solubilized membrane proteins were applied on the column and eluted with running buffer at a flow-rate of 15 mL/h at 5°C. Seventy fractions (3 mL) were collected and assayed for PPase and ATPase (50 mm KCl only) activities, using 100 and 250 gL aliquots, respectively. Triton X-100 and added phospholipid were precipitated at the end of the incubation period by the addition of 300 ALL ice-cold 10% (w/v) TCA/4% (w/v) HCl04. After 2 min at 0C, the samples were centrifuged for 3 min (Eppendorf microfuge) and 300 ,AL of supernatants were used for Pi determination by the method of Fiske and Subbarow (10) or Ames (1).
SDS-PAGE
The experiments were carried out with a Protean II (BioRad) slab cell using a modified Laemmli (13) Proteins were made up to 500 AL with distilled water in microfuge tubes. 100 ALL of DOC (0.15%) were added, followed by 100 ,AL of TCA (72%). The tubes were centrifuged 15 min. The pellets were washed with acetone (500 ALL), resuspended in 50 ,uL of sample buffer (10 mM Tris-HCl [pH 8 .0]), 10 
Proteins
Protein concentration was measured by the method of Bradford (6) or by the micromethod ofPeterson (18) , to avoid interference with Triton X-100 and phospholipid. BSA was used as a standard.
RESULTS AND DISCUSSION
Radiation Inactivation
Radiation inactivation was used for measuring the in situ functional molecular size of membrane proteins without the need of purification (1 1, 12) . The samples are irradiated with high energy electrons or y-rays. The larger enzymes are inactivated with lower amounts of irradiation and, using target theory, the different mol wt can be calculated by measuring the effect of irradiation on enzymes of known mol wt (1 1).
Microsomal membranes were prepared from maize root homogenates, using sucrose step gradients (10, 35 and 45%) (8) . The membranes present at the 10/35% interface were diluted to 10% sucrose and irradiated for different periods of time with 60Co at -196°C. The loss in tonoplast ATPase and PPase activity was compared with that ofthe G6PDH activity, used as an internal standard (17) . The variation between experiments was large, as previously observed during similar studies (14) . Therefore, the experiment was repeated five times using duplicates, and mean values were calculated.
The tonoplast ATPase was inactivated at 5.31 times the . Microsomal membranes were solubilized in a buffer containing 0.15% (w/w) Triton X-1 00. The 200,000g supematant was loaded on the column and the proteins were eluted with running buffer containing 0.3% (w/v) Triton X-1 00 and 0.5 mg/mL of phospholipid. Fractions (3 mL) were collected and assayed for ATPase, PPase, and proteins. DNP-alanine was used to measure the total volume of the Sephacryl S-400 column.
rate of G6PDH (102 kD) (Fig. 1) , giving an estimated mol wt of 542,000 (upper and lower limits calculated from the five independent sets of experiments: 642,000 and 374,000) A similar result was found for the tonoplast ATPase of Neurospora (520,000) (5), whereas a slightly lower value was obtained for the tonoplast ATPase ofmaize coleoptiles (386,000) (14) . The tonoplast PPase was inactivated at 1.59 times the rate ofG6PDH, giving an estimated mol wt of 162,000 (upper and lower limits: 241,000 and 130,000).
Gel Fitration Chromatography
The microsomal membrane proteins were solubilized in the presence of 0.15% Triton X-100 and separated by gel filtration on a Sephacryl S-400 column (21) . As seen in Figure  2, (24) , the ATPase is larger than the PPase.
SDS-PAGE
The fractions from the peak of activity of the ATPase and the PPase were analyzed by SDS-PAGE.
Two polypeptides (around 65 and 59 kD) copurified with the ATPase activity (Fig. 3) , in agreement with the results found for the tonoplast ATPase from red beet roots (15) , maize coleoptiles (14) , and oat roots (19) . The 16 kD subunit was not visualized with Coomassie blue, as previously discussed (22) .
A double band was associated with the PPase activity (Fig.  4) .
When a 10% acrylamide gel was used, two polypeptides can be detected (around 40 and 41 kD) (data not shown). It is unlikely that this double band was a result of proteolytic degradation of the samples. The two bands were always present and they were stained with the same intensity in presence of Coomassie blue. In preliminary isoelectric focusing experiments, the two bands were again clearly separated (data not shown).
The results of Maslowski and Maslowska (16) on the wheat root PPase are puzzling. In their text they claim that the PPase is composed of one subunit with a mol wt of 64,000. However, if the size of the PPase is calculated from their Figure 5 , the mol wt is around 36,000. Further experiments are necessary to characterize the two polypeptides associated with the PPase activity to determine that they are really different.
CONCLUSIONS
The functional mol wt of the tonoplast ATPase from maize roots was found to be about 540,000. The two large subunits of the pump had mol wt of around 65,000 and 59,000, respectively (measured by SDS-PAGE). The low mol wt subunit (16,000) was not detected.
The tonoplast PPase was smaller than the ATPase and had a functional mol wt of about 160,000. Two polypeptides with mol wt of around 40,000 and 41,000, respectively (measured by SDS-PAGE), seem to be associated with the PPase activity. 
